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DEVICE FOR CELLULAR
ELECTROPHYSIOLOGY SENSOR,
CELLULAR ELECTROPHYSIOLOGY

SENSOR USING THE DEVICE, AND METHOD
FOR MANUFACTURING THE CELLULAR
ELECTROPHYSIOLOGY SENSOR DEVICE

This application1s a U.S. NATIONAL PHASE APPLICA.-
TION OF PCT INTERNATIONAL APPLICATION PCT/
JP2007/062887.

TECHNICAL FIELD

The present invention relates to a cell electrophysiological
sensor device for measuring a cell electrophysiological phe-
nomenon such as intracellular potential or extracellular
potential, which 1s used for measuring physico-chemical
change generated by cellular activities; a cell electrophysi-
ological sensor using the same; and a method for manufac-
turing a cell electrophysiological sensor device.

BACKGROUND ART

A patch clamp technique 1n electrophysiology 1s known as
a method for measuring an 10n channel which the cell mem-
brane possesses. With this patch clamp technique, various
functions of the 10on channel have been elucidated. The func-
tion of the 10n channel has been a great interest and applied to
development of drugs.

However, on the other hand, since the patch clamp tech-
nique as a measuring technique requires an extremely high
skill of inserting a fine micropipette mnto a single cell with a
high accuracy, this technique requires a skilled operator.
Therefore, this technique 1s not suitable for an application that
requires high-throughput measurement.

Therefore, an automated system, which does not require
the msertion of a micropipette into an individual cell and 1s
capable of automatically fixing a cell for measurement only
by reducing pressure, has been developing.

FIG. 11 1s a sectional view showing a conventional cell
clectrophysiological sensor. A conventional cell electro-
physiological sensor includes sensor chip 102 having conti-
nuity hole 101, electrolytic baths 103 and 104 defined by
sensor chip 102, and electrodes 105 and 106 disposed 1n
clectrolytic baths 103 and 104, respectively.

In this cell electrophysiological sensor, cell 107 and an
clectrolytic solution are filled in electrolytic bath 103, and the
clectrolytic solution 1s sucked by applying pressure from the
upper part or reducing pressure from the lower part of conti-
nuity hole 101, so that cell 107 can be trapped in an opening,
of continuity hole 101. Then, for example, a drug 1s applied
from the upper part of cell 107, and the potential difference
between electrolytic baths 103 and 104 1s measured by elec-
trodes 105 and 106 and analyzed. Thus, the pharmacological
reaction of cell 107 can be determined.

Then, such an extremely small sensor chip 102 1s mserted
into a chip holding part (not shown) such as a plate and a tube
and then fixed with an adhesive agent and the like, which can
be used as a cell electrophysiological sensor device.

Note here that examples similar to the above-mentioned
conventional technology are described in the following patent
documents.

However, as mentioned above, 1n the cell electrophysi-
ological sensor device in which sensor chip 102 1s inserted
into the chip holding part, a leakage current tends to occur on
the side surface of sensor chip 102.
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The reason 1s because the airtightness between the side
surface of sensor chip 102 and the chip holding part 1s low.

That 1s to say, when sensor chip 102 is joined to the chip
holding part with an adhesive agent, unevenness and peeling
casily occur in joining. Therefore, the airtightness between
sensor chip 102 and the chip holding part becomes low. As a
result, a leakage current tends to occur.

| Patent Document 1] Japanese Translation of PCT Publi-
cation No. 2002-518678

[Patent Document 2] Japanese Translation of PCT Publi-
cation No. 2003-527581

SUMMARY OF THE INVENTION

The present mnvention reduces a leakage current on a side
surface of a sensor chip.

In order to do so, the present invention includes a sensor
chip having a continuity hole and a chip holding part covering
a side surface of the sensor chup. The sensor chip includes
silicon as a main component, and the chip holding part 1s
made of glass. This chip holding part 1s adhesively bonded to
the side surface of the sensor chip by glass welding.

Thus, the present invention can reduce a leakage current on
the side surface of the sensor chip.

The reason therefor 1s because the airtightness between the
side surface of the sensor chip and the chip holding part 1s
increased. That 1s to say, since the sensor chip made of silicon
and the chip holding part made of glass are adhesively bonded
to each other, the side surface of the sensor chip and the chip
holding part can be brought into close contact with each other,
and thus the joiming is strengthened.

Therefore, the airtightness between the side surface of the
sensor chip and the chip holding part 1s increased, resulting 1n
reducing a leakage current.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s a sectional view showing a cell electrophysiologi-
cal sensor 1n accordance with a first exemplary embodiment
ol the present invention.

FIG. 2 1s a perspective view showing a sensor chip in
accordance with the first exemplary embodiment of the
present invention.

FIG. 3A 1s a sectional view showing a first step of a manu-
facturing process of the sensor chip 1n accordance with the
first exemplary embodiment of the present invention.

FIG. 3B 1s a sectional view showing a second step of a
manufacturing process of the sensor chip 1n accordance with
the first exemplary embodiment of the present invention.

FIG. 3C 1s a sectional view showing a third step of a
manufacturing process of the sensor chip in accordance with
the first exemplary embodiment of the present invention.

FIG. 3D 1s a sectional view showing a fourth step of a
manufacturing process of the sensor chip 1n accordance with
the first exemplary embodiment of the present invention.

FIG. 3E 1s a sectional view showing a fifth step of a manu-
facturing process of the sensor chip in accordance with the
first exemplary embodiment of the present invention.

FIG. 4 1s an enlarged sectional view showing a main part of
the sensor chip in accordance with the first exemplary
embodiment of the present invention.

FIG. 5 1s an enlarged sectional view showing a main part of
a cell electrophysiological sensor device in accordance with
the first exemplary embodiment of the present invention.

FIG. 6 1s a partial sectional view showing the cell electro-
physiological sensor 1n accordance with the first exemplary
embodiment of the present invention.
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FIG. 7 1s a sectional view showing another example of a
cell electrophysiological sensor in accordance with the first
exemplary embodiment of the present invention.

FIG. 8 1s a partial sectional view showing a cell electro-
physiological sensor 1n accordance with a second exemplary
embodiment of the present invention.

FIG. 9 15 a partial sectional view showing a cell electro-
physiological sensor in accordance with a third exemplary
embodiment of the present invention.

FIG. 10 1s a sectional view showing a cell electrophysi-
ological sensor 1n accordance with a fourth exemplary
embodiment of the present invention.

FIG. 11 1s a sectional view showing a conventional cell
clectrophysiological sensor device.

REFERENCE MARKS IN THE DRAWINGS

1 well plate

2 holding plate

3 flow passage plate

4 sensor chip

5 through hole (electrolytic bath)
6 through hole

7 tlow passage (electrolytic bath)
8 electrode

9 electrode

10 1nlet port

11 outlet port

12 chip holding part

13 through hole (electrolytic bath)
14 continuity hole

15 thin plate

16 frame body

17 concave and convex parts
18A single crystal silicon layer
18B silicon dioxide layer

19 substrate

20A, 20B resist mask

21 mask hole

22 groove

23 mask hole

24 mask hole

235 curved surface

26 adhesive agent

277 extracellular flmad

28 intracellular fluud
29 cell

30 hydrophilic film
31 socket

32 opening

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

(First Exemplary Embodiment)

FIG. 1 1s a sectional view showing a cell electrophysiologi-
cal sensor 1n accordance with a first exemplary embodiment
of the present invention.

As shown 1n FIG. 1, the cell electrophysiological sensor in
accordance with the first exemplary embodiment includes
well plate 1, holding plate 2 that 1s brought into contact with
the lower part of well plate 1, and flow passage plate 3 that 1s
brought into contact with the lower part of holding plate 2.
The below mentioned sensor chip 4 1s mounted on holding
plate 2.
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Through hole 5 formed 1n well plate 1, through hole 6
formed 1n holding plate 2 and hollow space as flow passage 7
formed 1n flow passage plate 3 communicate with each other.

Furthermore, through hole 5 of well plate 1 functions as an
clectrolytic bath and can store an electrolytic solution such as
extracellular fluid Furthermore, tlow passage 7 of tflow pas-
sage plate 3 also functions as an electrolytic bath and can store
an electrolytic solution such as intracellular fluid.

In holding plate 2, electrodes 8 and 9 are provided on the
surface of holding plate 2 and a part of the inside of through
hole 6. Electrodes 8 and 9 can be electrically connected to the
liquad filled 1n through hole § and flow passage 7.

Electrodes 8 and 9 can be used to measure electrical param-
eters such as electric potential and electric current generated
by an electrophysiological phenomenon of cells. Note here
that the shapes, positions to be disposed and matenals of
clectrodes 8 and 9 are not necessarily limited to the examples
in this exemplary embodiment.

Furthermore, parts of through holes 6 of holding plate 2
function as 1nlet port 10 and outlet port 11 for an electrolytic
solution to be filled 1nto tflow passage 7 (electrolytic bath).

Furthermore, the cell electrophysiological sensor device in
accordance with this exemplary embodiment includes cylin-
drical-shaped chip holding part 12 inserted into through hole
6 of plate-shaped holding plate 2, and sensor chip 4 inserted
into the iside of through hole 13 of chip holding part 12. That
1s to say, chip holding part 12 of this exemplary embodiment
1s a cylindrical shape 1n which the inner diameter (dimension)
of through hole 13 1s somewhat larger than the outer diameter
(dimension) of sensor chip 4, and the side surface of sensor
chip 4 1s covered with chip holding part 12. Sensor chip 4 has
one or a plurality of continuity holes 14. Sensor chip 4
includes silicon as a main component, and, in this exemplary
embodiment, 1t 1s formed of a single crystal silicon layer and
a silicon dioxide layer.

Furthermore, chip holding part 12 1s made of glass such as
borosilicate glass having an excellent hydrophilic property.
Chip holding part 12 1s bonded to the side surface of sensor
chip 4 by glass-welding.

Herein, sensor chip 4 in this exemplary embodiment
includes disk-shaped thin plate 15 having a thickness of 10
um to 100 um and cylindrical-shaped frame body 16 formed
on the upper surface of thin plate 15. Continuity hole 14,
formed on thin plate 15 and having a diameter (dimension) of
1 to 3 um¢, penetrates thin plate 15 from the upper surface to
the lower surface. Note here that the opening diameter of
continuity hole 14 suitable for holding a cell 1s not larger than
5 um. Furthermore, the number of continuity holes 14 1s not
necessarily limited to one, and a plurality of continuity holes
14 may be provided.

FIG. 2 1s a perspective view showing a sensor chip in
accordance with the first exemplary embodiment of the
present invention.

As shown in FIG. 2, annular concave and convex parts 17
are repeatedly formed as a laminate on the outer side surface
of frame body 16 1n the horizontal direction that 1s the same
direction of thin plate 15.

Furthermore, sensor chip 4 of this exemplary embodiment
1s treated so that the side surface of frame body 16 has a
hydrophilic property.

Next, materials of members of the cell electrophysiological
sensor of the first exemplary embodiment are described.

Well plate 1, holding plate 2 and tlow passage plate 3 are
made of resin, more preferably, thermoplastic resin. Thus, a
highly homogeneous molded product can be obtained from
these materials with high productivity by using, for example,
an 1njection molding method. More preferably, the thermo-
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plastic resin 1s any one of polycarbonate (PC), polyethylene
(PE), olefin polymer, and poly(methyl methacrylate)
(PMMA), or the combination thereof. Holding plate 2 made
ol these matenals can be easily joined to chip holding part 12
made of glass having an excellent hydrophilic property by
using an ultraviolet curing adhesive agent. It 1s further pref-
erable from the viewpoint of workability, production cost,
and availability of materials that the thermoplastic resin 1s
cyclic olefin polymer, linear olefin polymer, or cyclic olefin
copolymer obtained by polymerizing these polymers, or
polyethylene (PE).

In particular, since the cyclic olefin copolymer has high
transparency and high resistance to alkaline and acidic 1nor-
ganic agents, it 1s suitable for the manufacturing method and
use environment of the present invention. Furthermore, since
these materials transmit ultraviolet rays, they exhibit the
eifect when an ultraviolet curing adhesive agent 1s used.

Note here that when holding plate 2 1s produced integrally
with a silicon substrate and sensor chip 4 1s integrated with a
part of holding plate 2, cost 1s increased and a yield 1s dete-
riorated. Furthermore, when defective sensor chip 4 1s
included in part, 1t cannot be repaired.

Onthe contrary, when holding plate 2 of the first exemplary
embodiment 1s made of the above-mentioned resin,
extremely small sensor chips 4 are produced efficiently at one
time and only non-defective chips are selected and used, so
that a cell electrophysiological sensor with high yield can be
realized and a configuration having repairability can be real-
1zed.

Then, 1t 1s important that the internal wall surface of the
through hole of chip holding part 12 in the first exemplary
embodiment 1s hydrophilic. That 1s to say, 1t 1s desirable that
chip holding part 12 1s made of glass having a contact angle
with respect to water of not less than 0° and not more than 10°.

Therefore, 1t 1s preferable that the material of chip holding
part 12 1s glass containing silicon dioxide. An example of the
material includes borosilicate glass (for example, Corming;:
#7052, #7056), aluminosilicate glass or lead borosilicate
glass (for example, Corning: #8161), or the like. Note here
that the contact angle with respect to water refers to an angle
made by the surface of a water droplet and the surface of a
solid 1n a state in which the water droplet of pure water 1s put
on the solid surface and they reach equilibrium. In general,
the contact angle can be measured by a 0/2 method. With the
method, the contact angle 1s obtained from an angle of a line
linking left and right end points to the top of the water droplet
with respect to the surface of the solid. Alternatively, the angle
can be measured by using a protractor, and the like.

Furthermore, the softening point of glass 1s important from
the viewpoint of workability. It 1s preferable that a tempera-
ture suitable for glass-welding to the side surfaces of sensor
chip 4 1s not less than the softening point of glass. More
preferably the temperature 1s in the range from 500° C. to
900° C. The use of glass having a softening point of less than
500° C. makes the intensity msuificient, and the use of glass
having a softening point of more than 900° C. deteriorates
workability.

Next, a method for manufacturing a cell electrophysiologi-
cal sensor 1n accordance with this exemplary embodiment 1s
described.

FIGS. 3A to 3E are sectional views showing each step of a
manufacturing process of sensor chip 4 in accordance with
the first exemplary embodiment of the present invention.

Firstly, as shown 1n FIG. 3A, SOI substrate 19 including
single crystal silicon layers 18 A and thin silicon dioxide layer
18B having a thickness of about 2 um 1s provided, resist mask
20A 15 disposed on the lower surface of substrate 19 and resist
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6

mask 20B 1s disposed on the upper surface of substrate 19.
Herein, resist mask 20 A 1s provided with mask hole 21 having
substantially the same shape as that of the opening of conti-
nuity hole 14 1n a part corresponding to continuity hole 14 and
mask hole 23 for providing a groove for separation (groove 22
shown 1n FIG. 3C). On the other hand, resist mask 20B 1s
provided with mask hole 24 on the surface of a part other than
a part corresponding to frame body 16.

Next, as shown 1n FIG. 3B, substrate 19 1s etched from the
upper surface thereotf to silicon dioxide layer 18B by dry
etching mentioned below so as to form frame body 16.

Then, as shown 1n FIG. 3C, substrate 19 1s etched from the
lower surface thereof to silicon dioxide layer 18B so as to
form continuity hole 14 and groove 22 for separation.

Next, as shown 1n FIG. 3D, silicon dioxide layer 18B
located above continuity hole 14 and groove 22 1s etched and
removed by using gas for etching only silicon dioxide, for
example, mixture gas of Ar and CF,, so that sensor chip 4 1s
separated into 1individual pieces.

Then, as shown 1n FIG. 3FE, resist masks 20A and 20B are
removed. Thus, sensor chip 4 including frame body 16 and
thin plate 15 1s completed. In this exemplary embodiment,
frame body 16 1s formed earlier than thin plate 15. The manu-
facturing order may be opposite. When thin plate 15 1s formed
carlier than frame body 16, it 1s possible to suppress the
breakage of the thin plate during processing of continuity
hole 14.

Herein, the above-mentioned dry etching process 1s
described 1n detail.

In this dry etching process, gas for promoting etching
(hereimaftter, referred to as “promoting gas™) and gas for sup-
pressing etching (heremaftter, referred to as “suppressing
gas’’) are used. In the first exemplary embodiment, SF 1s used
as the promoting gas and C_F, 1s used as the suppressing gas.

Firstly, plasma 1s generated above substrate 19 by an induc-
tive coupling method of external coil, into which SF, as the
etching gas 1s introduced. Then, F radical 1s generated.

Then, the F radical reacts with substrate 19, so that sub-
strate 19 1s chemically etched.

At this time, when a high frequency 1s applied to substrate
19, a negative bias voltage 1s generated on substrate 19. Then,
positive 1ons (SF.™) contained 1n the etching gas collides
vertically with respect to substrate 19. Thus, substrate 19 1s
physically etched by this 1on bombardment.

As aresult, this dry etching proceeds 1n the vertical direc-
tion (downward) to the surface of substrate 19.

On the other hand, when the suppressing gas, C, F., 1s used,
a high frequency 1s not applied to substrate 19. Thus, no bias
voltage 1s generated on substrate 19.

Therefore, CF™ contained in C,F, as the suppressing gas 1s
attached to the wall surface of the hole by dry etching of
substrate 19 without being biased. Thus, a homogeneous film
1s formed.

Then, the CF™ film functions as a protective film to sup-
press etching. Herein, this protective film 1s formed not only
on the wall surface but also on the bottom surface of a hole
during processing. However, the protective film formed on
the bottom surface can be easily removed by the above-
mentioned 1on bombardment as compared with the protective
film formed on the wall surface. As a result, the etching
proceeds downward.

However, as shown 1n the perspective view of sensor chip
4 1 FIG. 2 and an enlarged sectional view showing a main
part of sensor chip 4 1n FI1G. 4 (a sectional view enlarging the
main part Y shown in FIG. 3B), depending upon the condi-
tions such as the ratio of the promoting gas and the suppress-
ing gas and the processing time, etching tends to proceed not
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only in the downward direction but also in the horizontal
direction. On the side surface of sensor chip 4, concave and
convex parts 17 in which annular concave and convex parts
are formed as a laminate.

Next, hydrophilic treatment for allowing the side surface of
sensor chip 4, that is, the side surface of frame body 16 to have
hydrophilic property 1s carried out.

As the hydrophilic treatment suitable for the first exem-
plary embodiment, the side surface of frame body 16 1s sub-
jected to acidic and alkaline chemaical treatment, for example,
wet treatment with sulfuric acid, hydrogen peroxide, and the
like, so as to decompose and remove organic matters contain-
ing a carbon atom, or subjected to physical treatment such as
plasma 1rradiation or UV 1rradiation so as to decompose and
remove organic matters, and then immersed 1n pure water in
order to maintain the hydrophilic property.

Then, sensor chip 4 1s inserted into through hole 13 of chip
holding part 12. At this time, 1n the first exemplary embodi-
ment, since sensor chip 4 1s immersed 1n pure water in
advance, the pure water 1s suificiently attached to the surface
of sensor chip 4 and filled 1n the nside of frame body 16.
Furthermore, chip holding part 12 1s made of hydrophilic
glass. Therefore, sensor chip 4 of the first exemplary embodi-
ment has an excellent affimity to chip holding part 12, 1t 1s
casily brought into close contact with chip holding part 12,
can be self-aligned uniformly on the position of chip holding
part 12 shown in FIG. 1 due to the effect of the surface tension
of water.

Furthermore, since the direction of sensor chip 4 does not
aifect the self-alignment property, 1t 1s known that sensor chip
4 1s self-aligned along one surface of chip holding part 12
regardless of whether the surface of thin plate 15 1s directed
upward or downward.

Furthermore, 1t 1s preferable that a glass composition con-
stituting chip holding part 12 includes silicon dioxide in order
to improve the hydrophilic property.

Then, 1 order to allow sensor chip 4 to stand still in a
predetermined position, sensor chip 4 and chip holding part
12 are fixed so that they become horizontal 1n the longitudinal
direction, and then placed 1n, for example, a heat treatment
furnace.

Note here that an example using a heat treatment furnace 1s
described. However, welding can be carried out by local
heating with the use of a heater, and the like, or by the local

heating with the use of a near inirared laser so as to heat only
the vicinity of sensor chip 4.

Then, the attached water 1s dried at 80° C. to 120° C.,
tollowed by heating to a predetermined temperature at which
glass 1s welded so as to melt a glass composition 1n chip
holding part 12. Then, the melted composition 1s allowed to
attach to the entire side surface of sensor chip 4. In order to
weld glass, glass 1s required to be heated to at least not less
than a glass softening point of the glass to be used. From the
viewpoint ol workability, the temperature 1s preferably not
more than 900° C. In the first exemplary embodiment, since
borosilicate glass (for example, Corning: #7032, #7056) 1s
employed for chip holding part 12, the optimal condition of
thermal welding includes a temperature o1 700° C. to 750° C.
and a heating time of about 10 seconds. At this time, covalent
bonding between chip holding part 12 and the side surface of
sensor chip 4 proceeds and the joining strength 1s improved as
the temperature becomes higher in the appropriate tempera-
ture range.

Then, 1t 1s preferable that the above-mentioned drying
treatment and joining treatment by heat welding are carried
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out at one time. This 1s because displacement between sensor
chip 4 and chip holding part 12 can be prevented when they
are carried out at one time.

At this time, 1t 1s confirmed that the side surface of sensor
chip 4 and chip holding part 12 can be joined to each other by
glass welding when the gap between them 1s not more than
400 um. The glass welding can be carried out efficiently
when, for example, the outer diameter (dimension) of sensor
chip 4 1s made to be 700 um, the mner diameter (dimension)
and the outer diameter (dimension) of the through hole of chip
holding part 12 are made to be 1.0 mm and 1.50 mm, respec-
tively. At that time, the joining by the glass welding can be
carried out under the heat treatment conditions 1n which the
welding temperature 1s 718° C. and the welding time 1s not
more than 10 seconds. The outer shape of chip holding part 12
may be any shape as long as chip holding part 12 can be fixed
to and held by holding plate 2.

In the first exemplary embodiment, since the mner diam-
cter (dimension) of through hole 13 of chip holding part12 1s
larger than the outer diameter (dimension) of sensor chip 4,
when heating is carried out at temperatures of notless than the
glass soltening point, a glass component 1n chip holding part
12 melts so as to increase the density, and stick to the side
surface of sensor chip 4 when 1t 1s contracted. Therefore, 1n
the first exemplary embodiment, as shown in FIG. §, the inner
wall of through hole 13 of chip holding part 12 has curved
surface 25 communicating with the upper surface of sensor
chip 4.

Then, as mentioned above, after the side surface of sensor
chip 4 and chip holding part 12 are glass-welded, cylindrical-
shaped chip holding part 12 1s cut into a predetermined size
and separated into individual pieces. By repeating such
operations, a plurality of separated chips (separated chip
holding part 12) can be produced.

Note here that chip holding part 12 may be cut mto a
predetermined size and aligned 1n advance, and sensor chip 4
may be then inserted into the aligned chip holding part 12.

Meanwhile, on the entire surface of holding plate 2 shown
in FIG. 1, electrode 8 1s formed by pressing or vacuum evapo-
ration. Then, through hole 6, which penetrates holding plate 2
from the upper surface to the lower surface, 1s formed by
using a twist drill 1n a position into which chip holding part 12
1s 1nserted. Thereafter, the above-mentioned electrode 8 1s
patterned by photolithography and a mixture of Ag and AgCl
1s dispensed or printed so as to form electrode 9 inside a part
of through hole 6. Note here that drill punching and patterning
may be carried out 1n the opposite order.

Next, chip holding part 12 integrated with sensor chip 4 1s
inserted 1into through hole 6 of holding plate 2. At this time,
for example, holding plate 2 and chip holding part 12 can be
joined to each other with adhesive agent 26, and the like, as
shown 1n FIG. 6. From the viewpoint of workability, it 1s
preferable that ultraviolet curing resin 1s used as adhesive
agent 26.

Thereatter, as shown 1n FIG. 1, holding plate 2 and well
plate 1 are adhesively bonded to each other as well as holding
plate 2 and tlow passage plate 3 are adhesively bonded to each
other. A preferable example of the joining method includes
joining by thermal welding using a laser, or joining with an
ultraviolet curing adhesive agent by irradiation with ultravio-
let ray.

Note here that well plate 1 and flow passage plate 3 can be
joined to holding plate 2 simultaneously. Any of the methods
can be appropriately employed.

An operation of the cell electrophysiological sensor 1n
accordance with the first exemplary embodiment 1is

described.
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Firstly, as shown 1n FIG. 6, extracellular fluid 27 1s stored
in through hole 5 (electrolytic bath) of well plate 1 and
through hole 13 (electrolytic bath) of chip holding part 12,
and intracellular flmd 28 1s filled 1n flow passage 7 (electro-
lytic bath) of flow passage plate 3 by sucking intracellular
fluid 28 from inlet port 10 to outlet port 11 of well plate 1.
Herein, extracellular tluid 27 1s typically an electrolytic solu-
tion supplemented with 155 mM of K™ 10n, about 12 mM of
Na™ ion, and about 4.2 mM of CI™ ion in the case of, for
example, mammalian muscle cells. Intracellular fluid 28 1s an
clectrolytic solution supplemented with about 4 mM of K™

ion, about 145 mM of Na™ ion, and about 123 mM of C1™ 10n.

In this state, between electrode 8 electrically connected to
extracellular fluid 27 in through hole 5§ of well plate 1 and
through hole 13 of chip holding part 12 and electrode 9
clectrically connected to extracellular fluid 28 in flow passage
7, conductive resistance value of about 100 k€2 to 10 ME2 can
be observed. This 1s because intracellular fluid 28 or 27 pen-

ctrates via continuity hole 14, so that an electric circuit 1s
formed between two electrodes 8 and 9.

Next, cells 29 are put from the side of cell plate 1.

Then, when the pressure of one of inlet port 10 and outlet
port 11 of well plate 1 1s reduced, cell 29 1s attracted to the
opening ol continuity hole 14 to block the opening of conti-
nuity hole 14. Thereby, the electric resistance between
through holes 5 at the side of well plate 1 and through hole 13
of chip holding part 12 and the side of tlow passage 7 becomes
a sufliciently high resistance as G2 or more (this state 1s
referred to as “giga seal”). In this giga seal state, when the
intracellular potential and extracellular potential change due
to the electrophysiological activity of cell 29, only a slight
potential difference or change of the electric current can be
measured with a high accuracy.

Hereinafter, an effect of the first exemplary embodiment 1s
described.

In the first exemplary embodiment, a leakage current on the
side surface of sensor chip 4 can be reduced.

This 1s because the airtightness between the side surface of
sensor chip 4 and chip holding part 12 1s increased.

Herein, for example, when sensor chip 4 and chip holding
part 12 are joined with an adhesive agent, 1t 1s extremely
difficult to apply the adhesive agent on the entire side surface
of sensor chip 4. Furthermore, the joining with an adhesive
agent exhibits low adhesive strength and peels easily.

On the contrary, 1n the first exemplary embodiment, since
sensor chip 4 including silicon as a main component and chip
holding part 12 made of glass are adhesively bonded to each
other by glass welding, chip holding part 12 can be strongly
joined to substantially entire side surface of sensor chip 4.

Accordingly, the airtightness between the side surface of
sensor chip 4 and chip holding part 12 1s increased, and liquid
leakage and the like can be suppressed. As a result, a leakage
current can be reduced.

Note here that since the liquid leakage 1n the vicinity of
sensor chip 4 has an important effect on the property of the
giga seal, the structure capable of reliably preventing a liquud
leakage on the outer surface of sensor chip 4 1s extremely
important as a structure of the cell electrophysiological sen-
sor. Furthermore, the structure also has a large eflect on the
measurement accuracy of the cell electrophysiological sen-
SOF.

Furthermore, 1n this exemplary embodiment, since sensor
chip 4 1s configured by thin plate 15 and frame body 16, even
if the depth of continuity hole 14 1s small, by increasing the
thickness or length of frame body 16, handling of sensor chip
4 can be facilitated.
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Furthermore, in the first exemplary embodiment, since thin
plate 15 has a disk shape and frame body 16 has a cylindrical
shape, the stress from chip holding part 12 can be dispersed so
as to suppress damage. Furthermore, through hole 13 of chip
holding part 12 may have a circular cross section, which
facilitates punching. Furthermore, since through hole 13 1s
not directional, sensor chip 4 can be easily inserted into
through hole 13.

Furthermore, in the first exemplary embodiment, as shown
in FIG. 5, since the mmner wall of through hole 13 of chip
holding part 12 has curved surface 25 communicating with
the upper surface of sensor chip 4, the fluidity of a solution
from through hole 13 to the opening of continuity hole 14 1s
improved. This makes 1t easy to trap a cell 1n the opening of
continuity hole 14, thus contributing the measurement accu-
racy of the cell electrophysiological sensor.

Furthermore, 1 the first exemplary embodiment, since
chip holding part 12 uses glass containing silicon dioxide,
having a contact angle with respect to water of not less than 0°
and not more than 10°, and having excellent hydrophilic
property, and since the side surface of sensor chip 4 1s made to
be hydrophilic, the adhesiveness between chip holding part
12 and side surface of sensor chip 4 1s improved. Thus, chip
holding part 12 and side surface of sensor chip 4 can be joined
to each other by glass welding.

In particular, since chip holding part 12 has a cylindrical
shape, 1t 1s easily deformed due to heating. Therefore, when
the gap between the mner wall of through hole 13 of chip
holding part 12 and side surface of sensor chip 4 1s not more
than 400 um, joining by welding can be reliably carried out in
the glass welding process.

Note here that the inner wall of through hole 13 of chip
holding part 12 may be chemically or physically treated so as
to improve the hydrophilic property or a hydrophilic film
made of different compositions may be formed.

Furthermore, 1n the first exemplary embodiment, sensor
chip 4 1s formed and then immersed 1n water, so that sensor
chip 4 1s inserted 1nto through hole 13 of chip holding part 12
more easily as compared with the case sensor chip 4 1s
inserted 1n a dry state because static electricity does not easily
OCCUL.

Furthermore, 1n the first exemplary embodiment, as shown
in FIG. 2, annular concave and convex parts 17 are formed
repeatedly as a laminate on the outer side surface of frame
body 16 of sensor chip 4. Therelore, contact resistance 1s
increased 1n the mterface between the side surface of sensor
chip 4 and the mner wall of through hole 13 of chip holding
part 12, thus suppressing slipping of sensor chip 4 from
through hole 13.

This configuration 1s particularly effective because sensor
chip 4 can be provisionally fixed to a predetermined position
prior to process of glass welding.

Furthermore, by forming concave and convex parts 17 1n
the horizontal direction of sensor chip 4, concave and convex
parts 17 are perpendicular to the gravity applied to sensor chip
4 1tself. Therefore, 1t 1s possible to further increase the contact
resistance by concave and convex parts 17, thus strengthening
the joining strength.

In addition, 1n the first exemplary embodiment, since con-
cave and convex parts 17 are formed so as to form a laminate
of annular concave and convex parts along the outer periph-
eral shape of the outer side surface of sensor chip 4, 1t 1s
possible to suppress the entry of an electrolytic solution 1nto
the gap between sensor chip 4 and through hole 13 of chip
holding part 12.

That 1s to say, depending upon shapes of concave and
convex parts 17, an electrolytic solution enters the gap
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between the side surface of sensor chip 4 and chip holding
part 12, and a leakage current may occur. In the first exem-
plary embodiment, however, since concave and convex parts
17 are formed 1n an annular shape, a plurality of gaps formed
by concave parts are appropriately blocked by the convex
parts adjacent to the concave parts. As aresult, 1t 1s possible to
suppress the entry of an electrolytic solution 1nto the gap.

Furthermore, 1n the first exemplary embodiment, very
small sensor chip 4 may be 1inserted into a relatively large chip
holding part 12 and then fixed to holding plate 2, which
tacilitates handling and assembly.

Furthermore, sensor chip 4, chip holding part 12 and hold-
ing plate 2 are produced separately and then chip holding part
12 1s fitted 1nto through hole 6 of holding plate 2 and joined
together. Thus, a cell electrophysiological sensor can be pro-
duced efliciently. Furthermore, when defective sensor chip 4
1s 1included, 1t can be replaced easily.

In addition, 1n the method 1n which sensor chip 4 made of
hydrophobic silicon 1s inserted 1into through hole 6 of holding,
plate 2 directly, sensor chip 4 may be scattered due to static
clectricity, thus deteriorating workability. Furthermore, posi-
tion 1nto which sensor chip 4 is inserted becomes 1consis-
tent, and much time i1s required for arrangement. On the
contrary, in the first exemplary embodiment, highly hydro-
philic chup holding part 12 1s inserted into through hole 6 of
heldmg plate 2, thereby facilitating the positioning of sensor
chip 4 and improving the workability. Furthermore, sensor
chip 4 made of hydrophobic silicon and holding plate 2 made
ol hydrophobic resin are not brought into contact with each
other, and chip holding part 12 made of hydrophilic glass 1s
inserted therebetween. Thereby, 1t 1s possible to suppress the
generation of foams, resulting 1n enabling the measurement
accuracy ol the cell electrophysiological sensor to be
improved.

Note here that 1n the first exemplary embodiment, sensor
chip 4 includes thin plate 15 and frame body 16. However, 1t
may be a plate-shaped product. Furthermore, 1n the first
exemplary embodiment, frame body 16 1s formed 1n the upper
surface side of thin plate 15. However, frame body 16 may be
formed 1n the lower surface side of thin plate 15.

Furthermore, in the first exemplary embodiment, sensor
chip 4 1s fixed to the lower end part of chip holding part 12.
However, as shown 1n FIG. 7, sensor chip 4 may be fixed to the
upper end part of chip holding part 12. Thus, an electrolytic
solution at the upper side can be easily sucked from the lower
part of sensor chip 4 1n the state in which an electrolytic
solution 1s filled 1n the electrolytic baths located 1n both upper
and lower parts of sensor chip 4. Thus, a cell can be trapped 1n
the opening of continuity hole 14. Furthermore, sensor chip 4
may be fixed 1n the middle part of chip holding part 12. Such
selections should be suitably determined depending upon the
nature of the cell to be measured.

Furthermore, when sensor chip 4 1s disposed on the upper
end of chip holding part 12, the inner wall of through hole 13
of chip holding part 12 can be configured to have a curved
surface communicating with the lower surface of sensor chip
4. Furthermore, when sensor chip 4 1s disposed 1in the middle
part of chip holding part 12, the inner wall of through hole 13
of chip holding part 12 can be configured to have a curved
surface communicating with the upper and lower surfaces of
sensor chip 4. In any case, the flmdity of a solution between
clectrolytic baths disposed in the upper and lower parts of
continuity hole 14 1s improved.

In addition, 1n the first exemplary embodiment, chip hold-
ing part 12 1s inserted 1into holding plate 2. Thus, a plurality of
sensor chips 4 can be mounted on one substrate. However,
holding plate 2 may not be necessarily used.
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Furthermore, when ultraviolet ray transmitting glass hav-
ing an average ultraviolet ray transmittance of not less than
70% and less than 100% 1n the wavelength range from 380 nm
to 340 nm 1s used as chip holding part 12, holding plate 2 and
chip holding part 12 can be adhesively bonded to each other
casily with adhesive agent 26 made of ultraviolet curing resin.

Furthermore, when well plate 1, holding plate 2 and flow
passage plate 3 are made of ultraviolet ray transmitting resin
and jomed to each other with an adhesive agent made of
ultraviolet curing resin, the ultraviolet ray can be allowed to
reach the joined interface regardless of the direction of 1rra-
diation with ultraviolet ray. Therefore, the efficiency of join-
ing 1s improved.

Furthermore, as shown in FIG. 1, the inner wall of through
hole S of well plate 1 as an electrolytic bath 1s tapered so that
it widened from the lower part to the upper part. Thus, an
clectrolytic solution and cells can be easily filled 1n.

Note here that sensor chip 4 may be formed of single
crystal silicon substrate. However, as shown 1n the first exem-
plary embodiment, sensor chip 4 1s formed of a so-called SOI
substrate (substrate 19 in FIG. 3) with the dimensions of thin
plate 15 and frame body 16 can be determined with a high
accuracy. Furthermore, silicon dioxide layer 18B between
thin plate 15 and frame body 16 has high 1nsulation and also
can be made to have a high thickness. Therefore, a stray
capacity component occurring between electrodes 8 and 9
can be reduced. As a result, the measurement accuracy of the
cell electrophysiological sensor can be improved.

(Second Exemplary Embodiment)

FIG. 8 1s a partial sectional view showing a cell electro-
physiological sensor in accordance with a second exemplary
embodiment of the present mvention. The same reference
numerals are given to the same configurations as in the first
exemplary embodiment and the description thereof 1s omitted
herein.

The second exemplary embodiment 1s different from the
first exemplary embodiment 1n that hydrophilic film 30 is
formed on the outer surface of sensor chip 4 by a thin film
process 1n the second exemplary embodiment as shown in
FIG. 8. In the second exemplary embodiment, hydrophilic
film 30 1s made of silicon dioxide.

Then, a method for forming hydrophilic film 30 includes a
thin film process such as a method of thermally oxidizing the
outer side surface of sensor chip 4, or a method of sputtering
silicon dioxide, a CVD method, or the like. Then, by forming
a film by using this thin {ilm process, for example, hydrophilic
f1lm 30 having a thickness of 500 angstrom to 10 um and made
of silicon dioxide can be formed.

Hydrophilic film 30 can be also made of silicon oxide or
silicon nitride other than silicon dioxide. Also 1n this case, a
sputtering method or a CVD method can be employed.

Furthermore, 1t 1s preferable that the hydrophilic property
of hydrophilic film 30 at that time 1s not more than 10° when
it 1s expressed as a contact angle.

When such hydrophilic film 30 1s formed, 1n the second
exemplary embodiment, a wettability of the side surface of
sensor chip 4 1s improved and affinity with respect to the glass
component of chip holding part 12 1s turther improved. Then,
the melted glass component sufficiently infiltrates into the
side surface of sensor chip 4, and the adhesiveness on the
joining interface between sensor chip 4 and chip holding part
12 can be improved and peeling can be suppressed, resulting
in reducing a leakage current.

Note here that 1n the second exemplary embodiment, since
hydrophilic film 30 1s made of an msulating silicon dioxide,
the insulating property of the side surface of sensor chip 4 can
be mmproved. Furthermore, since silicon dioxide can be
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covalently bonded to glass, when sensor chip 4 and chip
holding part 12 are glass-welded to each other, by covalently
bonding at least a part of hydrophilic film 30 and chip holding
part 12 to each other, the joining strength can be further
strengthened. As a result, the reliability of the cell electro-
physiological sensor can be improved.

(Third Exemplary Embodiment)

FIG. 9 1s a partial sectional view showing a cell electro-
physiological sensor 1n accordance with a third exemplary
embodiment of the present invention. The same reference
numerals are given to the same configurations as in the first
and second exemplary embodiments and the description
thereot 1s omitted herein.

The third exemplary embodiment 1s different from the first
exemplary embodiment in that cylindrical-shaped chip hold-
ing part 12 of the third exemplary embodiment 1s longer than
chip holding part 12 of the first exemplary embodiment and
turthermore sensor chip 4 1s disposed at the top end thereof,
and chip holding part 12 1s inserted into opening 32 of socket
31 as shown 1n FIG. 9. Furthermore, electrode 9 at the lower
part 1s mserted into opening 32 of socket 31.

That 1s to say, 1n the third exemplary embodiment, unlike
the structure of the first exemplary embodiment 1n which the
plurality of sensor chips 4 share one tlow passage 7, each
sensor chip 4 has one flow passage 7 as shown 1n FIG. 9.

The 1nside of chip holding part 12 has large capacity and
functions as an electrolytic bath. An electrolytic solution can
be filled 1n or sucked from the lower part of chip holding part
12.

In the third exemplary embodiment, since the inner wall of
the electrolytic bath at the lower side 1s formed of hydrophilic
chip holding part 12, foams generated inside the lower side
clectrolytic bath can be reduced.

Furthermore, when an electrolytic solution 1s sucked from
the lower part of sensor chip 4 to an electrolytic bath at the
upper side of the sensor chip, pressure tends to be applied,
thus facilitating trapping of a cell to the opening of continuity
hole 14. As a result, the measurement accuracy of the cell
clectrophysiological sensor can be improved.

Furthermore, 1n the third exemplary embodiment, since
socket 31 1s made of resin, it can be processed 1nto a desired
shape. For example, 1t 1s extended to the lower part than chip
holding part 12, thereby the 1nside of socket 31 also functions
as the lower side electrolytic bath. Then, the volume of the
clectrolytic bath at the lower part of sensor chip 4 can be
freely changed by extending the length of socket 31, so thatan
excellent repaitrability 1s achieved.

Note here that 1n the third exemplary embodiment, sensor
chip 4 1s inserted into the upper end of cylindrical-shaped chip
holding part 12. However, as in the first exemplary embodi-
ment, 1t may be inserted 1nto the lower end of chip holding
part 12. In this case, since the inside of chip holding part 12
and the inside of opening 32 of socket 31 function as an
clectrolytic bath, well plate 1 1s not needed.

Also 1n this case, the occurrence of foams can be sup-
pressed and an excellent repairability 1s achieved.

(Fourth Exemplary Embodiment)

FIG. 10 1s a sectional view showing a cell electrophysi-
ological sensor 1n accordance with a fourth exemplary
embodiment of the present invention. The same reference
numerals are given to the same configurations as in the first to
third second exemplary embodiments and the description
thereol 1s omitted herein.

The fourth exemplary embodiment 1s different from the
first exemplary embodiment 1n that chip holding part 12 1s
formed 1n a plate shape as shown 1n FIG. 10. That 1s to say,
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chip holding part 12 of the fourth exemplary embodiment 1s a
glass plate and this glass plate 1s provided with a plurality of
through holes 13.

Then, sensor chip 4 made of silicon 1s inserted into the
inside of through hole 13.

For example, 1n the fourth exemplary embodiment, as chip
holding part 12, a 0.75 mm-thick glass plate of borosilicate
glass 15 provided with through holes 13 by etching process.

The internal wall of through hole 13 may further be treated
to have hydrophilic property or a hydrophilic film may be
formed.

Then, after chip holding part 12 1s held horizontally, sensor
chip 4 stored in pure water 1s taken out and a part of the sensor
chip 4 1s inserted into the inlet port of through hole 13 from the
upper surface of chip holding part 12 1n a state 1n which pure
water 1s attached to sensor chip 4. The inserted sensor chip 4
1s self-aligned 1n a predetermined position due to the interac-
tion of surface tension of pure water.

Then, as 1n the first exemplary embodiment, drying treat-
ment and joining treatment may be carried out at one time.

At this time, 1t 1s confirmed that the side surface of sensor
chip 4 and the through hole can be joined by glass welding
when the gap between them 1s not more than 50 um. The glass
welding can be carried out efliciently when, for example, the
outer diameter (dimension) of sensor chip 4 1s made to be 700
um, the inner diameter (dimension) of through hole 13 1is
made to be 750 um. At that time, the joining by glass welding
can be carried out under the heat treatment condition in which
a welding temperature 1s 718° C. and a welding time 1s not
more than 10 seconds.

Also 1n the fourth exemplary embodiment, since sensor
chip 4 including silicon and chip holding part 12 including
glass are adhesively bonded to each other by glass welding,
chip holding part 12 can be strongly joined to substantially
entire side surface of sensor chip 4. Therefore, the airtightness
between the side surface of sensor chip 4 and chip holding
part 12 1s increased. As a result, a leakage current can be
reduced.

Furthermore, as 1n the first exemplary embodiment, when
sensor chip 4 1s inserted into through hole 13 of chip holding
part 12, by treating sensor chip 4 1s treated to have hydrophilic
property, the selif-alignment property 1s improved.

In addition, as compared with the case where the silicon
substrate and sensor chip 4 are integrated with each other, 1n
the fourth exemplary embodiment, chip holding part 12 hav-
ing large capacity can be formed of a relatively cheap glass
plate, thus reducing the cost. Furthermore, when a part of
sensor chip 4 1s defective, it can be repaired so that the yield
1s improved.

(Industrial Applicability)

As mentioned above, since a cell electrophysiological sen-
sor 1n accordance with the present invention enables etficient
measurement of a plurality of cells at one time with a high
accuracy, 1t 1s useful for measurement of the electrophysi-
ological phenomenon of cells.

The mvention claimed 1s:

1. A cell electrophysiological sensor device, comprising:

a sensor chip having a side surface around said sensor chip
and a bottom surface at a bottom of said sensor chip, said
bottom surface having a continuity hole therein;

a chip holding part around the side surface of the sensor
chip; and

an outside of the side surface of the sensor chip has an
alternating convex and concave shape extending from a
bottom portion to a top portion of the sensor chip,

wherein



US 8,445,263 B2

15

the chip holding part 1s adhesively bonded to the side
surface of the sensor chip.

2. The cell electrophysiological sensor device of claim 1,

wherein the bottom surface of the sensor chip includes a
thin plate having the continuity hole, and a frame body °
formed on one surface of the thin plate.

3. The cell electrophysiological sensor device of claim 1,

wherein the bottom surface of the sensor chip includes a

disk-shaped thin plate having the continuity hole, and a
cylindrical-shaped frame body formed on one surface of 10
the thin plate.

4. The cell electrophysiological sensor device of claim 1,

wherein the chip holding part has a cylindrical shape or a

plate shape having a through hole.

5. The cell electrophysiological sensor device of claim 1,

wherein the chip holding part has a cylindrical shape and 1s

inserted nto a through hole of a plate-shaped holding
plate.

6. The cell electrophysiological sensor device of claim 1,
wherein an inner wall of the chip holding part has a curved
surface communicating with at least one of an upper surface
and a lower surface of the sensor chip.

7. The cell electrophysiological sensor device of claim 1,

wherein the chip holding part 1s made of glass having a

glass soitening point of not lower than 500° C. and not
higher than 900° C.
8. The cell electrophysiological sensor device of claim 1,
wherein the chip holding part 1s made of glass having a
contact angle with respect to water of more than 0° and
not more than 10°.

9. The cell electrophysiological sensor device of claim 1,

wherein the chip holding part 1s made of glass containing

silicon dioxide.
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10. The cell electrophysiological sensor device of claim 1,

wherein the chip holding part 1s made of glass having
ultraviolet ray transmittance of not less than 70% and
less than 100% 1n a wavelength range from 380 nm to
340 nm.

11. The cell electrophysiological sensor device of claim 1,
wherein the outside of the side surface 1s a laminate.

12. The cell electrophysiological sensor device of claim 1,

wherein the side surface of the sensor chip 1s hydrophilic.

13. The cell electrophysiological sensor device of claim 1,

wherein a hydrophilic film 1s formed on the side surface of

the sensor chip.

14. The cell electrophysiological sensor device of claim 1,

wherein a hydrophilic film including silicon oxide or sili-

con nitride 1s included 1n the side surface of the sensor
chip.

15. The cell electrophysiological sensor device of claim 1,
wherein an inner part of a side surface of the sensor chip has
concave and convex parts.

16. A cell electrophysiological sensor device, comprising:

a sensor chip having a side surface around said sensor chip

and a bottom surface at a bottom of said sensor chip, said
bottom surface having a continuity hole therein;

a chip holding part around the side surface of the sensor

chip; and

an outside of the side surface of the sensor chip has an

alternating convex and concave shape extending from a
bottom portion to a top portion of the sensor chip,
wherein the sensor chip includes silicon,

the chip holding part includes glass, and

the chip holding part 1s bonded to the side surface of the

sensor chip.
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